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A model has been developed to account qualitatively for the effects of ion pairing, surface
activity, and electrophoretic mobility in electrospray mass spectrometry. The model is tested
with various salt and amino acid mixtures. The data suggest that the axial charge gradient
arising from electrophoretic separation at droplet genesis may persist within the electrosprayed
droplets at least until the first droplet fission, accounting for the field dependence of detected
ion clustering of quaternary ammonium salts and for the relatively field-invariant charge
distribution of horse heart myoglobin samples. (J Am Soc Mass Spectrom 2001, 12,
206–214) © 2001 American Society for Mass Spectrometry
A major challenge in using electrospray massspectrometry (ES MS) as a probe of solutionchemistry has been to establish correlations
between detected gas-phase ions and chemical equilib-
ria in the condensed phase [1–7]. The problem is com-
plicated by the complexity of the processes affecting ES
droplets, including charge separation [8] and solvent
electrolysis [9, 10] at the emitter tip, droplet evaporation
[8, 11, 12], and droplet subdivisions [8, 13]. As a result
of these processes, the chemical composition in the final
small droplets from which ions are desorbed may be
significantly different from that of the original sample
solution [14, 15]. For example, acid/base equilibria,
conformational structures of biopolymers, and/or non-
covalent binding may all be affected by chemical
changes in the ES droplets in ways which have yet to be
fully explained [5–7].
An essential step toward meeting this challenge is
the development of models which can at least qualita-
tively predict the relative ES MS response to a given
species based on its physicochemical properties and
other parameters (e.g., concentration, solvent, co-sol-
utes, and instrument conditions) [8, 14, 15]. For exam-
ple, Iribarne and Thomson [16] discussed ion desorp-
tion from highly charged droplets in terms of a
desorption coefficient that depends on solvation en-
ergy, the size of the ion, and the charge density at the
droplet surface. Based on this “ion evaporation” model,
Tang and Kebarle [14] proposed that ES ion intensities
should be proportional to the desorption coefficient and
the ion concentration in the droplet. They assumed that
the relative concentration of ions at the surface is the
same as in the bulk solution. More recently, Enke [15]
discussed differential sampling in terms of partitioning
between the surface layer and the interior of the drop-
let. He did not address in detail the factors governing
the partition coefficient.
Considering these and other models, there appears
to be some (albeit imperfect [2]) consensus that the yield
of gas-phase ions reflects the desorption coefficient and
the surface concentration of ions in the final small droplets
prior to desorption. This suggests another layer of com-
plexity deriving from uneven droplet fission during
Rayleigh subdivision [13]. Small “offspring droplets”
are thought to carry unequal fractions of the excess
charge and total mass (;15% of the charge and only
;2% of the mass) of their precursors [8]; thus the
chemical composition of offspring droplets of each gen-
eration will be different from that of the precursor and
residue droplets. Furthermore, the “offspring” droplets
are believed to incorporate preferentially material from
the surface of the precursor droplets; if material is
inhomogeneously distributed within the precursor,
sampling bias may result. There are at least two mech-
anisms whereby surface concentrations may differ from
the bulk composition of the droplets: coulombic repul-
sion among the excess charges can cause enrichment of
ions at the droplet surface [5, 17], as can the surface
activity of both ionic and neutral solutes [8, 14, 18, 19].
Finally, further discrimination may result if inhomoge-
neity persists in the final droplets and if ions are
preferentially desorbed from the surface of those drop-
lets.
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The work presented here has two major objectives.
The first is to expand on existing models for the
chemical composition of the droplet surface, specifically
addressing issues of surface activity, ion pairing, and
mass transport. In the course of so doing, a second
objective will be to assess whether the charge separation
induced by the electric field imposed between the ES
needle and counterelectrode can persist significantly
within the ES droplets, thereby affecting relative mea-
sured ion currents.
Theoretical Considerations
This treatment will consider three factors that can affect
the surface concentrations of ions in an ES droplet: ion
pairing, surface activity, and electrophoretic migration.
In a sense, ion pairing is the simplest of these; it can be
regarded as a contributor to the activity coefficient:
[A]i~t! 5 fA~t!CA~t! (1)
where [A]i(t) is the effective concentration of ion A in
bulk solution, fA(t) is the corresponding activity coeffi-
cient, CA(t) is the bulk concentration of A, and t is the
time following droplet detachment (the time depen-
dence reflects the changing concentration as the droplet
evaporates and the dependence of f on concentration).
For strong electrolytes at the concentrations typical for
ES (e.g., 1029–1025 M [14]), ion pairing should be small
in bulk solution [fA(t 5 0) ; 1]. It may however be-
come greater (and more important) as the droplets
become more concentrated [8].
The surface activity of various solutes is generally
interpreted in terms of a partitioning equilibrium:
Abulkª
KA,sa
Asurface (2)
KA,sa 5 CA,sa~t!/[A]i~t! (3)
where KA,sa is the surface activity constant of A (in this
case, A can be either an ion or a neutral) and CA,sa(t) is
the surface excess concentration of A arising from
surface activity. Establishing the surface excess requires
that material diffuse from the bulk to the surface (where
it can become trapped in a potential well). The maximum
time required for such diffusion can be estimated from
the diffusion coefficient of A (DA) and the droplet
radius (r) [14]:
tdiff 5 r
2/pDA (4)
A small aqueous ion (DA ; 2 3 10
25 cm2/s [14])
should take ;360 ms to diffuse to the surface from the
center of a typical ES droplet (r ; 1.5 mm [14]); estab-
lishing the surface excess should take significantly less
time, since most ions would begin their “journey” closer
to the surface. Because the maximum diffusion time is
on the same order as the time required for solvent
evaporation before the first Rayleigh fission (;420 ms
[14]), certainly some surface excess (if not full equilibra-
tion) should be established prior to subdivision. In the
subsequent small droplets, distances and diffusion
times will be very short (e.g., ,40 ns for the small
droplets (r ; 8 nm) from which ion evaporation is said
to occur [16]). Therefore, CA,sa should be maintained at
or near equilibrium in offspring droplets, and surface
activity can be expected to have a significant effect.
The most complex yet intriguing effecter of surface
concentrations is mass transport. For ionic species un-
der the influence of a strong electric field (;106–107
V/m at the ES emitter tip [5, 8]), electrophoretic migra-
tion usually dominates other mass transport contribu-
tions (diffusion, convection, and electroosmosis) [20].
This migration has been invoked to explain the initial
charge separation (cations from anions) that results in
the emission of charged droplets [8, 13, 15, 21, 22]. (Of
course, the electrochemical reactions occurring at the
emitter surface are the ultimate source of the excess
charge [15, 23].) Once a droplet detaches, the “self-
developed” field resulting from the mutual coulombic
repulsions among excess cations (in the positive ion
mode) or anions (in the negative ion mode) will tend to
drive the excess charges to the surface and to distribute
them essentially uniformly there [24]. However, if the
externally applied field persists and penetrates the
droplet, some tendency toward continued axial charge
separation will persist—amounting essentially to elec-
trophoresis inside the droplet. The boundary conditions
are different from those of a conventional electro-
phoretic cell; there is no means (other than ion emission
or droplet subdivision) for charge removal from the
droplet surface, so the amount of axial charge separa-
tion will be limited to what is needed to offset the
externally applied field. Nevertheless, if the kinetics
(migration rates) allow, some inhomogeneous distribu-
tion of both cations and anions may result from their
differential electrophoretic migration. Figure 1 presents
a deliberately exaggerated illustration, wherein protons
and X2 anions become enriched (relative to less mobile
M1 and Y2 ions) at the “front” and “back” droplet
surfaces, respectively, upon application of an external
field. The more mobile species may thus become en-
riched in the small offspring droplets if the applied field
remains adequate to maintain some charge separation at least
until the initial Rayleigh subdivisions. Surface enrichment
within the small offspring droplets may then further
enhance emission of mobile ions. It is important to
realize that the system is not static; the droplets move
from regions of higher to lower external field and
shrink due to evaporation. Axial charge separation will
therefore tend to diminish and the self-developed field
will intensify as the droplets approach subdivision. A
central question becomes whether the droplets remain
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in a region of sufficient field long enough for field
effects to be manifest.
To begin to address this question, consider the
surface concentration resulting from electrophoretic mi-
gration at time t after droplet genesis:
CA,ef~t! 5
NA,ef~t!/N
0
Vs~t!
(5)
where NA,ef(t) is the total number of A brought to the
surface layer by electrophoretic flux, N0 is Avogadro’s
number, and Vs(t) is the volume of the droplet surface
layer of thickness dl for a droplet of radius r(t) (decreas-
ing due to evaporation):
Vs~t! 5
4p
3
$r~t!3 2 @r~t! 2 dl#
3% (6)
In an electrostatic system (constant field, as in electro-
phoresis), the velocity of ion migration (vA) can be
estimated from the ionic mobility (mA) and the electric
field strength (E):
vA 5 mAE (7)
The integrated electrophoretic flux [NA,ef(t)] can then
be determined from the flux density from migration
(Jm,A 5 [A]ivA) and the cross sectional area (a) [25]:
NA,ef~t!/N
0 5 Jm,Aat 5 a[A]imAEt (8)
As noted above, the situation in the moving electros-
pray droplets is much more complex, because the field
and droplet dimensions are not static. Reflecting this, eq
8 becomes
NA,ef~t!/N
0 5 mA E
t50
t
a~t![A]i~t! E~t! dt (9)
The time dependence of the field is particularly com-
plex [26]. Not only does the strength of the applied field
decrease axially as the droplet moves toward the field-
free region typically present at or near the counterelec-
trode [5], but the self-developed field will change both
in response to charge separation (which will tend to
offset the applied field) [26] and in response to evapo-
ration-induced decreases in droplet size (which will
intensify the repulsions among excess charges). Add to
this the possible complications from droplet subdivi-
sion, and detailed modeling of the time dependence of
the field term in eq 9 becomes truly daunting and well
beyond the scope of the present study. Instead, we have
chosen to consider whether there is a chance for charge
separation at just two critical points along the droplet
path: immediately after detachment (when the applied
field is strongest), and at a point near the first Rayleigh
subdivision. For both cases, we consider the migration
of small ions such as alkali cations, with electrophoretic
mobilities on the order of 1028 m2 V21 s21 [27]. At the
moment of droplet genesis, an ion of this mobility
would require on the order of 15–150 ms to migrate
from the center to the surface of a droplet of radius r 5
1.5 mm, given a field strength of 107–106 V/m near the
ES emitter [5, 8]. As with establishment of CA,sa, not all
ions need move this far; it is clear that at least some
charge separation can occur given the ;420 ms [14]
prior to the first droplet subdivision. By that time,
however, the field will have decayed approximately an
order of magnitude (as in [5]), and the droplet will have
shrunk to ;0.94 mm [14]. Under these conditions, our
“typical” ion would take on the order of 94–940 ms
(again depending on the initial field strength) to mi-
grate from the center to the surface of the droplet
immediately before subdivision, but only ;8–80 ms to
reach the surface of the offspring droplets (r ; 80 nm
[14]) after subdivision. Although these calculations are
very rough relative to what would be required to model
the time dependence in detail, they serve to establish
within the considerable uncertainties of the system the
feasibility of some axial charge separation at least for the
initial and first-generation offspring droplets before
further Rayleigh subdivision occurs. More importantly,
they suggest a general parametric dependence, which is
more readily subject to testing than is the time depen-
dence (it is much more difficult to probe distributions
within the droplets as they evolve than to observe their
ultimate impact on observed ion signals).
Figure 1. Exaggerated cartoon showing the radial charge gradi-
ent derived from the mutual coulombic repulsion among excess
charges in the droplet (resulting in a spherically symmetric
self-developed field with no net field at the droplet center), and
the axial charge gradient that may develop via electrophoretic
charge separation in response to the externally applied field. The
case shown is for positive ion mode (excess of positive charge,
here attributed to electrolytically generated protons). M1 and Y2
are arbitrary ions of mobility less than H1 and X2.
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To proceed with such testing, it is first necessary to
combine the contributions from the three phenomena
discussed above (ion pairing, surface activity, and elec-
trophoretic migration). In principle, these are not inde-
pendent. However, for the purposes of qualitative mod-
eling, the total surface concentration of species “A” at a
given time t after droplet formation [CA,s(t)] can be
considered to be the sum of activity-adjusted contribu-
tions from the equilibrium surface concentration
[CA,sa(t), reflecting surface activity] and the electro-
phoretic migration [CA,ef(t)]:
CA,s~t! 5 CA,sa~t! 1 CA,ef~t! (10)
Substituting eqs 1, 3, 5, and 9 into eq 10 yields
CA,s~t! 5 KA,safA~t!CA~t!
1
mA E
t50
t
a~t! fA~t!CA~t! E~t! dt
Vs~t!
(11)
Using the simpler form of eq 8 instead of eq 9 yields an
expression which should show the qualitative depen-
dencies (i.e., which variables can be expected to increase
CA,s and which to decrease it), but not the detailed time
dependence:
CA,s~t! < fA~t!SKA,sa 1 amAEtVs~t! DCA~t! (12)
which has the same form as Enke’s partition model [15]:
CA,s 5 KACA (13)
From this it can be inferred that Enke’s partition coef-
ficient KA should be time and field dependent, as well
as dependent on surface activity, ion-pairing interac-
tions, and electrophoretic flux:
KA < fA~t!SKA,sa 1 amAEtVs~t! D (14)
Understanding the parametric dependence of En-
ke’s KA [15] can provide valuable information about
the ES ionization mechanism and relative ES sensi-
tivities for various analyte molecules. Use of eq 11
would require detailed knowledge of the functional
dependencies of the variables. Equation 12 should
have the same qualitative dependence, and can be
readily tested by analysis of well-selected mixtures.
For example, if B is an analyte or supporting electro-
lyte co-existing with A, then using eqs 13 and 14 the
(instantaneous) surface concentration ratio between
A and B can be written as
CA,s~t!
CB,s~t!
5
KACA~t!
KBCB~t!
<
fA~t!@Vs~t! KA,sa 1 amAEt#
fB~t!@Vs~t! KB,sa 1 amBEt#
CA~t!
CB~t!
<
fA~t!@Vs~t! KA,sa 1 amAEt#
fB~t!@Vs~t! KB,sa 1 amBEt#
CA
CB
(15)
The remainder of this study addresses the potential
utility of eq 15 for predictions of relative sensitivities.
Experimental
Electrospray Mass Spectrometry
Electrospray experiments employed a Micromass
(Manchester, UK) Quattro II triple quadrupole mass
spectrometer with a standard electrospray interface.
The source temperature was held at 80 °C. The flow
rates of nebulizing gas and drying gas (boil-off from
liquid nitrogen) were maintained at 20 and 400 L/h,
respectively. Sample solution was continuously infused
into the ES capillary with a Harvard (South Natick, MA)
model 22 syringe pump operating at a flow rate of 5
mL/min. Mass spectra were acquired with the first
analyzer using the multichannel accumulation (MCA)
mode and summing 12 scans per spectrum. The mass
range was generally 20–750 Da with a 30 s acquisition
time and a cone voltage of 20 V. For spectra of myoglo-
bin samples, the mass range was expanded to 600–1800
Da, acquisition times were increased to 1 min per
spectrum (still 12 scans), and the cone voltage was
increased to 40 V.
Chemicals
Rubidium iodide (reagent grade, 99.9%) and cesium
iodide (reagent grade, 99.99%) were obtained from
Aldrich (Milwaukee, WI). Decyltrimethylammonium
(DTMA) iodide and hexyltrimethylammonium (HTMA)
bromide (reagent grade) were purchased from TCI
America (Portland, OR). Tetramethylammonium
(TMA) bromide (reagent grade) and tetraethylammo-
nium (TEA) bromide (reagent grade) were purchased
from Eastman-Kodak (Rochester, NY). Serine, phenyl-
alanine (both reagent grade), and horse heart myoglo-
bin (HHM; 95%–100%) were obtained from Sigma
Chemicals (St. Louis, MO). All chemicals except
HTMA z Br were used as received. Iodide and chloride
salts of HTMA were prepared by ion exchange using
Amberlite IRA-400 anion exchange resin (Fisher Scien-
tific, Pittsburgh, PA). A column containing 15 g of the
resin was pretreated with 300 mL of 0.4 M aqueous NaI
or NaCl, then flushed with 100 mL of deionized water.
100 mL of a 2.5 mM aqueous solution of HTMA z Br was
then passed through the column. The eluent was col-
lected, then the column was washed with ;120 mL of
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deionized water. The eluent and wash were combined
and diluted to create a 1 mM stock solution.
Other stock solutions were also prepared in deion-
ized water, purified with a Milli-Q purifier (Millipore,
Bedford, MA). Sample solutions were prepared by
dilution of stock solutions with either deionized water
or 50/50 (v/v) methanol (HPLC grade, Fisher, Fair
Lawn, NJ)/water.
Results and Discussion
Ion Response and Droplet Surface Concentrations
Surface concentrations: Intrinsic ions. (1) Consider a pair
of analytes for which the surface activity of A is
negligible [KA,sa ; 0 f Vs(t)KA,sa ,, amAEt], whereas
B is highly surface active [Vs(t)KB,sa .. amBEt, at least
at low voltage and/or short time]. If it is assumed that
the relative desorption coefficients and detectabilities of
A and B are constant so that the relative ion abundances
(iA/iB) reflect the relative surface concentrations, eq 15
simplifies to
CA,s~t!
CB,s~t!
<
fA~t!~amAEt!
fB~t!Vs~t! KB,sa
CA~t!
CB~t!
}
iA
iB
(16)
which predicts a linear dependence of the relative
surface concentrations (and by extension the relative
intensities) on E (and thus on the capillary voltage).
Mixtures of Cs1 and DTMA provide a suitable test
system; the surface activity of Cs1 is negligible, whereas
DTMA is highly surface active [28]. Figure 2 shows
spectra acquired from an equimolar solution of CsBr
and DTMA z Br (10 mM each) in methanol/water (50/50
v/v) with two different capillary voltages. It is clearly
evident that the ratio Cs1/DTMA increases with the
capillary voltage (Figure 3a), as predicted by eq 16. At
voltages *2 kV, the contribution from the electro-
phoretic flux of DTMA (amDTMAEt) becomes compara-
ble to that from surface activity [Vs(t)KDTMA,sa] and the
ratio begins to level out. This finding is important in the
context of using ES MS for probing solution chemical
compositions because of possible changes in relative
sampling efficiency among different species at different
E.
(2) If the contribution of electrophoretic flux is dom-
inant [i.e., amEt .. Vs(t)Ksa] for both species, depen-
dence on E should disappear as eq 15 simplifies to
CA,s~t!
CB,s~t!
<
fA~t!mA
fB~t!mB
CA~t!
CB~t!
}
iA
iB
(17)
Equimolar RbI and CsI (10 mM each) in 50/50 (v/v)
methanol/water provides a suitable test case. The data
of Figure 3b are in excellent agreement with the predic-
tion of eq 17; the slope of the curve is essentially zero
(0.87 6 1.17).
(3) An intermediate case arises when both solutes are
surface active. In this case, the voltage dependence of
the denominator of eq 15 should partially offset that of
the numerator, so the relative intensity should be less
sensitive to E than with the Cs1/DTMA system. This
was tested with an equimolar solution of tetramethyl-
ammonium (TMA) and tetraethylammonium (TEA)
bromide (1 mM each) in methanol/water (50/50, v/v).
As shown in Figure 3c, the signal ratio of TMA/TEA
only increases by a factor of about 3 (as compared to a
factor of about 8 for the Cs1/DTMA system) as capil-
lary voltage increases from 1 to 3.2 kV. The increase is
consistent with the prediction of eq 15, since TEA is
more surface active than TMA (i.e., KTEA,sa . KTMA,sa)
[28] while the mobility of TMA is higher than that of
TEA (i.e., mTMA . mTEA) [27].
Comparison of the slopes of the curves of Figure
3a–c is complicated by the substantial differences in the
ratio amplitudes. An alternative comparison can be
realized by first normalizing the curves so that the
minimum ratio in each curve is 1.0, and thus the relative
slopes reflect the relative changes in the ratio. As shown
in Figure 4, the relative slopes for the Cs1/DTMA,
TMA/TEA, and Rb1/Cs1 systems are then 3.65 6 0.22,
1.09 6 0.07, and 0.023 6 0.031, respectively. These data
are in qualitative agreement with the prediction of eqs
15 through 17 as discussed above. It must be pointed
out that this is a necessary but not sufficient condition
to validate the model. In particular, there is nothing in
the data presented thus far requiring a role for axial
Figure 2. Positive ion ES mass spectra of a solution containing
equimolar CsBr and DTMA z Br (10 mM each) in methanol : water
(50/50, v/v). Capillary voltage: (a) 11.0 kV and (b) 12.5 kV.
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charge separation. Other effects may contribute (e.g.,
the effect of the external field on the initial droplet size
and velocity, although these particular effects should be
reduced by the use of nebulizing gas). Additional
studies were undertaken to test the model further.
Surface concentrations: Ionization of amino acids. Al-
though it is easiest to test the model with intrinsic ions,
it is of more practical interest to test it with species
ionized via protonation. Amino acids constitute a useful
class of test compounds, both because of their intrinsic
importance and because their various physical and
chemical properties are well characterized. For exam-
ple, the Bull and Breese (B&B) index [29] (the free
energy of transfer of a neutral amino acid from bulk
solution to the surface; i.e., DGA 5 2RT ln KA,sa for
reaction 2; R is the gas constant and T is the absolute
temperature) provides a convenient measure of amino
acid surface activity. For an equimolar mixture (CA 5
CB) of two amino acids of similar mobility (mA 5 mB)
and “activity” ( fA 5 fB; in this instance, protonation
and pKA rather than ion pairing would be the main
contributor to “f ”), eq 15 reduces (in the zero field limit)
to
CA,sa
CB,sa
5
KA,sa
KB,sa
5 exp F2 ~DGA 2 DGB!RT G (18)
Therefore, a highly hydrophobic amino acid like phe-
nylalanine (Phe; B&B index 5 21520 cal/mol) should
have a much higher surface concentration than would a
more hydrophilic amino acid, such as serine (Ser;
B&B 5 1420 cal/mol) [29], thus leading to preferential
sampling. This preference is evident in the spectrum of
an equimolar mixture (Figure 5), although the ratio
Phe:Ser is only ;7.2 6 1.2, much less than the ratio
(;28) predicted for room temperature by eq 18. (The
imperfect correlation with B&B has also been observed
elsewhere, e.g., in [30]. It may in part be due to
differences in desorption efficiencies. For example, in
this case the less solvated Phe may have a higher
desorption efficiency than Ser [8, 16].) The ratio falls to
;2.6 6 0.2 when the pH is adjusted to ;2.8 by addition
Figure 3. Dependence of selected relative ES positive ion inten-
sities on capillary voltage. (a) Cs1 and DTMA from an equimolar
mixture of Cs z Br and DTMA z Br. Solution composition was the
same as in Figure 2. (b) Rb1 and Cs1 from an equimolar mixture
(10 mM each) of RbI and CsI in methanol/water (50/50, v/v). (c)
TMA and TEA from an equimolar mixture (1 mM each) of TMA z
Br and TEA z Br in methanol/water (50/50, v/v).
Figure 4. Comparison of the voltage dependence of the relative
signal ratios. Plots were derived from the data of Figure 3 by
normalizing the curves so that the minimum ratio in every curve
is 1.0. Solid lines are the linear regression fits of each curve.
Parenthetical numbers are slopes.
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of 0.2% (v/v) formic acid (;50 mM), thus protonating
both amino acids (isoelectric points pI ; 5.68 and 5.48
for Ser and Phe, respectively [31]). Although several
factors might contribute to the reduction in the ratio
(gas-phase reactions [32], clustering [33], etc.), the sim-
plest explanation is that protonation reduces the differ-
ence in surface activity (consistent with the increased
solubility [31] and solvation energy [28, 34] that accom-
pany protonation), while increasing the (relatively un-
biased) contribution from migrational mass transport
(apparent mobility m ; 3.6 and 3.8 3 1024 cm2 V21 s21
for Phe and Ser, respectively [35]). As above, the mass
transport contribution is reduced at lower capillary
voltage; for example, the Phe:Ser intensity ratio (with-
out formic acid) increases to 17.5 6 4.6 at a capillary
voltage of 1.5 kV.
There is an interesting corollary to this observation.
When the number of protons is limited, the species
enriched at the surface (Phe) will be preferentially
protonated, even though the other species (Ser) is a
(slightly) better base. This can account for the fact that
the Phe:Ser ratio increased to ;22.2 6 3.1 when the
concentrations of the two analytes were increased from
5 to 50 mM (without formic acid; data not shown). The
effect is much smaller in the presence of formic acid
(Phe:Ser ;3.23 6 0.17 at 50 mM; data not shown).
Evidence for Axial Gradients in ES Droplets
Ion pairing. The most unusual aspect of eq 15 is its
invocation of a role for electrophoretic migration, po-
tentially engendering axial gradients within electros-
prayed droplets. In a static system, the extent of charge
separation would be determined by that needed to just
offset the externally applied field (analogous to estab-
lishing the double layer at a poised solution electrode
with no Faradaic current). Thus, as droplets proceed
down the spray plume and the applied field weakens
[5, 32], the axial gradient will tend to relax. In contrast,
the (spherically symmetrical) self-developed field de-
rived from the coulombic repulsion among the excess
charges will increase as droplets evaporate and concen-
trations increase, ultimately driving the Rayleigh sub-
division process [24]. As noted above, the question
arises of whether manifestation of axial charge separa-
tion can be observed or expected in ES mass spectra.
The best chance for observing field effects (if they
exist) would seem to be in spectra of ion clusters (e.g., of
the form [M2X
1]), because these involve species that
should be most strongly separated by “electrophoresis
in the drop.” Clusters are not routinely observed in ES
spectra, even though counterions must nearly always
be included in the droplets, because currents are gen-
erally inadequate to remove them quantitatively, and in
any event solvent electrolysis is generally more facile
(e.g., oxidation of Cl2 to Cl2 in the positive ion mode or
reduction of Na1 to Na in the negative ion mode is
disfavored). Most minority charge carriers are evidently
rendered “invisible” by virtue of their location in the
droplet or perhaps by ion pairing as droplet evaporation
proceeds and concentrations increase [8, 36]. Still, clus-
tering can be favored at high concentration. In particu-
lar, high surface concentrations can be readily achieved
with surface-active ions. Thus surfactant salts constitute
a reasonable system choice for observing clustering and
probing the effects of electrophoretic separation.
Figure 6 shows the ES mass spectrum acquired from
a relatively concentrated (50 mM) aqueous solution of
HTMA z I. The cluster ion (HTMA2I
1) is clearly evident
in the spectrum. If electrophoresis generates axial
charge separation within the droplet, imposition of a
higher field should drive cations and anions to opposite
“ends” of the droplet (Figure 1), thereby impeding
clustering. Figure 7 clearly shows that the relative
extent of ion clustering (%Cl 5 100 3 icluster ion/ifree ion)
decreases as the capillary voltage increases, consistent
with charge separation.
As usual in ES ionization, however, it is difficult to
isolate one effect. In this instance, the increase in
capillary voltage is accompanied by an increase in spray
current, which may deplete clusters by oxidizing the I2.
To test for this effect, an equimolar mixture of HTMA z
I and HTMA z Cl (25 mM each) was sampled with
varying capillary voltages. Because I2 ion pairs much
more extensively than Cl2 [28], the small difference in
their intrinsic mobilities (mintrinsic 5 7.91 3 10
24 cm2
Figure 5. Positive ion ES mass spectrum acquired from an
equimolar aqueous mixture of serine and phenylalanine (5 mM
each). Capillary voltage: 13.0 kV.
Figure 6. Positive ion ES mass spectrum obtained from a 50 mM
aqueous solution of HTMA z I at a capillary voltage of 2.5 kV.
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V21 s21 and 7.98 3 1024 cm2 V21 s21 [27] for I2 and
Cl2, respectively) can be amplified into a relatively
large difference in effective mobility (meff 5 mintrinsic 3
[X2]/([X2] 1 [MX])); thus migration would be ex-
pected to deplete Cl2, whereas oxidation would deplete
I2 (which is much more easily oxidized). The fact that
the ratio [HTMA2I]
1/[HTMA2Cl]
1 increases signifi-
cantly as the capillary voltage (and spray current)
increases (Figure 8) is clearly consistent with the pre-
dicted role of migration. (It should be noted that %ClI2
and %ClCl2 each decrease at higher voltage, but the
change is greater for %ClCl2.)
One final test of the charge separation model was
performed. Ethanol and 2-butanone constitute a pair of
solvents of greatly differing viscosity (1.078 mN s m22
for ethanol, versus 0.423 for 2-butanone) and dielectric
constant (24.55 for ethanol, versus 18.51 for 2-butanone)
[37]. The higher viscosity of ethanol would favor ion
pairing (because reduced mobility impedes charge sep-
aration), whereas its higher dielectric constant would
disfavor clustering by better solvating the ions. The
similarity in the boiling points (;78 °C for both) and
surface tensions (24.55 and 26.77 dyn/cm for ethanol
and 2-butanone, respectively [37]) of these solvents
suggests that differences due to volatility and the time
frame of migration and diffusion should be minimal. In
spectra of a 50 mM solution of HTMA z I (obtained with
a capillary voltage of 2.5 kV), %Cl was much higher in
ethanol (8.72%) than in 2-butanone (0.25%), consistent
with slower migration in the more viscous solvent.
Although it is not clear that either effect must be linear,
the dominance of the effects of migration over those of
polarity is consistent with proportionately greater dif-
ference in mobility (108%, versus only a 33% difference
in dielectric constants).
Protein charge distributions. Perhaps the most impor-
tant applications of ES are in the analysis of various
biochemicals. What (if any) are the implications of axial
charge separation in this context? One possible example
comes from the frequently observed “anomalous” in-
sensitivity of protein charge distributions to bulk solu-
tion pH (e.g., [1]). Added electrolytes are known to
suppress the intensities of protonated ions [8], presum-
ably by competing with protons for sites at the droplet
surface (much as Phe competed with Ser in the studies
described above). If the charge distribution at the sur-
face is spherically symmetrical, Fenn’s model [24]
would predict that the decreased proton density result-
ing from competiton with added electrolyte would lead
to a reduction in the detected charge states, because a
substrate molecule with a given cross section will
encounter fewer protons. Consider however the possi-
ble effects of electrophoretic separation and the result-
ing axial charge segregation in the droplet. In positive
ion ES, the relatively high mobility of protons could
result in their enrichment in the “front” portion of the
droplet, relative to the applied field (Figure 1). This
might be precisely the region from which offspring
droplets arise if, for example, the applied field engen-
ders a Taylor-conelike projection from the droplet (see
the intriguing photograph in [13]). Uneven droplet
fission in the presence of excess electrolyte may then
produce fewer “proton-rich” small offspring droplets,
but the acidity in those droplets may be still high. If
protein desorption requires a certain (minimum) charge
state, ions may arise only from the acidic droplets.
Signals will decrease as the number of suitable droplets
is reduced, but the charge of ions sampled from those
droplets will be invariant.
To examine this hypothesis, spectra were acquired
from horse heart myoglobin (HHM) in 50/50 (v/v)
water:acetonitrile with either 50 mM TMA z Br (an
electrolyte that will compete with H1 for surface sites
without significantly adducting with HHM) or 0.2%
(v/v; ;50 mM) formic acid (Figure 9). Addition of TMA
reduces the signal intensity of HHM ;sevenfold, indi-
cating fewer protons at the surface of the droplets.
However, there is no accompanying decrease in the
Figure 7. Dependence of the cluster fraction (%Cl 5 100 3
i[HTMA2I]1/i[HTMA]1) on capillary voltage for positive ion ES spec-
tra obtained from a 50 mM aqueous HTMA z I solution.
Figure 8. Dependence of the ratio of cluster ion signal intensities
[HTMA2I]
1/[HTMA2Cl]
1 on capillary voltage for positive ion ES
spectra obtained from an equimolar (25 mM each) aqueous mix-
ture of HTMA z I and HTMA z Cl.
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charge state distribution for HHM ions, suggesting that
although there are fewer “proton-rich” droplets, the
surface acidity of these droplets does not decrease.
Conclusions
The most unusual aspect of the model of eq 11 is the
introduction of migration which can engender axial
charge separation within the electrospray droplets. Al-
though more detailed understanding may derive from
explicit modeling of the various time dependences, the
success of the simpler model of eq 15 in qualitatively
predicting parametric dependences suggests that the
balance between mass transport and surface activity
effects may help explain some of the otherwise anom-
alous sensitivity variations observed in ES MS.
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Figure 9. Positive ion ES mass spectra of 10 mM horse heart
myoglobin solutions in water/acetonitrile (50/50, v/v) (a) with
addition of 50 mM TMA z Br; (b) with addition of 0.2% formic acid.
Capillary voltage: 3 kV. Cone voltage: 40 V.
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